
 
 

Delft University of Technology

The Bacterial Disinfection of Water Using a Galloping Piezoelectric Wind Energy
Harvester

Poudel, Prakash; Sharma, Saurav; Ansari, Mohamed Nainar Mohamed; Kumar, Pushpendra; Ibrahim,
Sobhy M.; Vaish, Rahul; Kumar, Rajeev; Thomas, Paramanandam
DOI
10.3390/en15176133
Publication date
2022
Document Version
Final published version
Published in
Energies

Citation (APA)
Poudel, P., Sharma, S., Ansari, M. N. M., Kumar, P., Ibrahim, S. M., Vaish, R., Kumar, R., & Thomas, P.
(2022). The Bacterial Disinfection of Water Using a Galloping Piezoelectric Wind Energy Harvester.
Energies, 15(17), Article 6133. https://doi.org/10.3390/en15176133

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.3390/en15176133
https://doi.org/10.3390/en15176133


����������
�������

Citation: Poudel, P.; Sharma, S.;

Ansari, M.N.M.; Kumar, P.; Ibrahim,

S.M.; Vaish, R.; Kumar, R.; Thomas, P.

The Bacterial Disinfection of Water

Using a Galloping Piezoelectric Wind

Energy Harvester. Energies 2022, 15,

6133. https://doi.org/10.3390/

en15176133

Academic Editor: Paolo Visconti

Received: 25 November 2021

Accepted: 17 January 2022

Published: 24 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

The Bacterial Disinfection of Water Using a Galloping
Piezoelectric Wind Energy Harvester
Prakash Poudel 1,†, Saurav Sharma 2,† , Mohamed Nainar Mohamed Ansari 3,* , Pushpendra Kumar 1,
Sobhy M. Ibrahim 4, Rahul Vaish 1,*, Rajeev Kumar 1 and Paramanandam Thomas 5

1 School of Engineering, Indian Institute of Technology Mandi, Himachal Pradesh 175075, India
2 Faculty of Mechanical, Maritime and Materials Engineering, Delft University of Technology, Mekelweg 2,

2628 CD Delft, The Netherlands
3 Institute of Power Engineering, Universiti Tenaga Nasional, Selangor 43000, Malaysia
4 Department of Biochemistry, College of Science, King Saud University, Riyadh 11451, Saudi Arabia
5 Dielectric Materials Division, Central Power Research Institute, Bengaluru 560080, India
* Correspondence: ansari@uniten.edu.my (M.N.M.A.); rahul@iitmandi.ac.in (R.V.)
† These authors contributed equally to this work.

Abstract: In this study, a method for the bacterial disinfection of drinking water in the water storage
systems based on the electric potential generated from a piezoelectric wind energy harvester is
presented. First, an efficient galloping piezoelectric wind energy harvester is designed by adding
curve- shaped attachments to the bluff body of the harvester. The simulated output voltage of the
harvester is validated by performing different sets of experiments on an open environment. Later,
the output voltage of the harvester is enhanced, using copper oxide nanowires (CuONWs) grown
perpendicular to the surface of the center copper wire. The enhanced electric field is able to disinfect
the bacterial water in a 25 min time period. The bacterial removal log efficiency of 2.33 is obtained
with a supplied rms voltage of 0.1 V from the harvester. The findings of this study will help to
provide alternate means to water treatment that are efficient, reliable, and also free from disinfection
by-products.

Keywords: piezoelectric energy harvesting; galloping; bacterial disinfection; copper oxide nanowires
(CuONWs); locally enhanced electric field treatment (LEEFT); electroporation

1. Introduction

Pathogenic infections caused due to impure drinking water have become a major
challenge for undeveloped as well as developing countries [1–4]. Nearly 1 million people
die yearly around the globe from waterborne diseases because of a lack of proper sani-
tation facilities [5]. Highly efficient disinfection methods with low energy consumption
are required to safeguard the life of people from diseases caused by pathogenic infections.
Disinfection techniques in the centralized units may involve chlorination and ozonation
for killing bacteria, in water treatment [6]. Chlorination is adopted as an important water
disinfection technique because of its high efficiency, low cost and reliable performance.
However, chlorination causes the occurrence of carcinogenic disinfection by-products that
pose a high risk to human health [7–9]. This problem of the formation of by-products can
be resolved by the use of non-chlorine-based water disinfection techniques. Membrane
filtration [10,11] and UV disinfection [12,13] are the alternative disinfection methods, but
are limited by high energy consumption, high cost and the inability to produce residual
antimicrobial power. The energy consumed during the water treatment process with
the membrane filtration technique is around 500–5000 JL−1, whereas the UV disinfection
technique involves energy consumption of about 20–60 JL−1 [14].

There is a need for water treatment systems that offer low cost, high efficiency and
less consumption of energy. Many studies have been performed on the water disinfection
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technique, which can be achieved by supplying a high strength electric field, both AC
and DC, to the water [15–17]. Locally enhanced electric field treatment (LEEFT) is a phe-
nomenon that implements the electroporation mechanism, in which the permeability of the
bacterial cell membrane increases when exposed to a high electric field intensity [18–20].
When the supplied electric field reaches a high value, there occurs an irreversible damage
to the cell membrane, causing cell death [21]. Implementing this phenomenon in the water
disinfection process results in an efficient treatment, without the formation of disinfection
by-products. The requirement of high strength electric field involves a high electrical volt-
age (>1 KV) that consumes high electrical energy with operational threats. The electrodes
used in LEEFT can be modified with nanowires that can amplify the electric field intensity
with many folds near the tips of nanowires [22–24]. Though a low voltage is supplied
externally, there exists a strong electric field that is sufficient for the electroporation process.
The energy consumed in this water treatment technique is very low, compared to other
existing disinfection methods, such as conventional methods, UV disinfection and the mem-
brane filtration method. Zhou et al. [25] performed the chemically free water disinfection
analysis in pipes using the center electrode modified with copper oxide nanowires and
provided a very high disinfection rate with the electric voltage of 1 V. The stability of a
copper oxide nanowire was improved using a protective polydopamine (PDA) coating,
as illustrated by Huo et al. [26]. The enhancement of the electrical field at the tips of the
nanowires due to the lightening rod effect was described by Liu et al. [27]. Various methods
of supplying the voltage for electric field enhancement at the tips of the nanowires have
been employed for water disinfection techniques. The voltage in the range of few volts
produced from the energy harvesting techniques can be suitable for killing bacteria present
in the water. Energy harvesting techniques based on the piezoelectric effect, triboelectric
nanogenerator and photoelectric effect are preferred as they have a high power density
with a low frequency.

Kumar et al. [28] demonstrated the bacterial degradation using the piezo-photocatalysis
approach and the beam vibration. Bacterial disinfection obtained using BaTiO3 ceramic at
a low frequency (8 Hz) was able to produce the required external voltage within 30 min
of exposure. A tribo pump with a low cost and self-driven water disinfection system was
proposed by Ding et al. [29], in which the water consisting of bacteria is pumped to the
tribo nanogenerator system, where disinfection occurs by the electric field produced in the
system and the outlet is the water free from bacteria. Huo et al. [30] developed a localized
electric field air disinfection method to destroy the outer membrane of the bacteria, driven
by a triboelectric nanogenerator. The air disinfection system provides the high performance
in terms of microbial inactivation in a very short time period.

The authors of this paper propose a water disinfection system, based on the direct
piezoelectric effect that is produced by beam vibration driven by wind. The voltage
produced is then supplied to the copper tube filled with bacteria-infected water. Nanowires
grown on the central electrode enhance the electric field to a magnitude that is sufficient to
disinfect the bacteria present in the water. This paper demonstrates the successful treatment
of the infected water in a short period of time and the bacterial treatment process is efficient.
The proposed method based on a piezoelectric wind energy harvester can be suitable
for water treatment in the areas in which there is an unavailability of electrical power
supply. This system is portable as it harvests electrical energy from wind that is required
for bacterial disinfection. The electrical voltage produced by the galloping wind energy
harvester is found to be a promising concept for the disinfection of water in the storage
systems. This paper is organized as follows: in Section 2, an analytical modeling of the
wind energy harvester based on a galloping phenomenon is discussed; the experimental
studies of the bacterial disinfection procedure are also described in this section; Section 3
presents the simulation and experimental results of the galloping wind energy harvester,
where the simulation of the enhanced electric field and results of bacterial disinfection are
also presented; finally, Section 4 concludes the paper.
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2. Materials and Methods
2.1. Analytical Modeling of the Galloping Piezoelectric Wind Energy Harvester

When the structures are subjected to wind flows, there arise large amplitude oscilla-
tions with low frequencies, termed as a galloping phenomenon. The piezoelectric wind
energy harvester, based on a galloping mechanism, consists of an aluminum cantilever
beam fixed at one end and a bluff body made of an expanded polystyrene (EPS) material
with la ow density fixed at the other end, as shown in Figure 1a. The modifications on
the shape of the bluff body by adding different shapes of attachments in order to achieve
a better performance of the harvester have been proposed in recent years [31,32]. In our
study, two attachments made of polylactic acid (PLA) material were attached to a bluff
body at an angle of 120◦, in order to provide a better galloping effect when the air flows
through the bluff body of the harvester, as illustrated in Figure 1c. The top view of a bluff
body with curve-shaped attachments on it is shown in Figure 1d.

Figure 1. Schematic diagram of the galloping wind energy harvester: (a) the structural diagram
with the circular bluff body; (b) equivalent lumped parameter model; (c) cylindrical bluff body with
attachments and (d) top view of the curve-shaped attachments on the main circular bluff body.

The piezoelectric wind energy harvester system involves a fluid flow mechanism,
structural deformation of the cantilever beam, as well as the piezoelectric effect. Therefore,
it is suitable to model the system as a lumped parameter, which reduces the complexity
of the system. A distributed parameter model of the harvester can be converted into a
lumped parameter model by considering the Euler–Bernoulli beam theory, Kirchhoff’s law,
piezoelectric effect and self-induced galloping vibration [33]. A single degree of freedom
(sdof) model with equivalent mass, damping and stiffness is obtained from the structural
diagram, as shown in Figure 1b. The governing equations based on the lumped parameter
modeling can be written as,

M
..
y(t) + C

.
y(t) + Ky(t) + θcV(t) = Fy(t) (1)

Cp
.

V(t) +
1
R

V(t) −
.

θcy(t) = 0 (2)

where the equivalent mass, M, can be obtained as M =
( 33

140
)
m1 + m2 + m3 [34], with m1,

m2 and m3 being the mass of the piezoelectric beam, the mass of the bluff body and the mass
of the two attachments fixed to the bluff body. The equivalent stiffness, K = w2

n M, and the
equivalent damping, C = 2ξwn M, are determined through static tests performed on the
harvester. The natural frequency, wn, is calculated from the free decay test and the damping
ratio, ξ, is obtained from the logarithmic decrement technique. The displacement, y(t), of
the bluff body in the y-direction is assumed to be perpendicular to the direction of the wind
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flow. The output voltage, V(t), of the harvester is measured across the load resistance, R.
The open-circuit condition, I = V

R = 0, and the short circuit criteria, V = 0, of the electrical
system can be applied to Equations (1) and (2) to determine the electromechanical coupling
coefficient as,

θc =
√
(w2

o − w2
s )MCp (3)

The open-circuit natural frequency, wo, and the short circuit natural frequency, ws,
of the piezoelectric beam is calculated by performing experimental measurements. The
capacitance of the piezoelectric patch, Cp, is obtained from the manufacturer’s formula.
The aerodynamic force, Fy(t), that drives the oscillations of the cantilever beam is given
as [35],

Fy(t) =
1
2

CFyρU2dh (4)

where CFy denotes the coefficient of the aerodynamic force in the y-direction, and it depends
on the shape of the bluff body. The frontal dimensions, d and h, are the diameter and height
of the bluff body, respectively. Here, U represents the speed of the wind, and ρ is the density
of the air. Figure 2 demonstrates the resultant force acting on the bluff body with shapes
(other than circular cross-section) that is required to create galloping.

Figure 2. A bluff body subjected to galloping.

The mechanism of galloping can be explained by assuming a quasi-static hypothesis,
which considers the aerodynamic force acting on the oscillating bluff body to be equivalent
to the force acting on a steady body at an equivalent angle of attack. The angle of attack, α,
is defined as,

α = tan−1
( .

y(t)
U

)
(5)

The aerodynamic force coefficient, CFy, is an important parameter that describes the
force acting on a bluff body. CFy can be expressed in a cubic polynomial form, as defined
by Parkinson [36]:

CFy =

(
a1

.
y(t)
U

+ a3

( .
y(t)
U

)3)
. (6)

The empirical coefficients, a1 and a3, are determined by the polynomial fitting of CFy

vs. α curve. The plot of CFy vs. α curve is obtained experimentally using different angles of
attack in the static tests. The rotational effect of the bluff body can be introduced to modify
the expression of CFy as,

CFy =

(
a1

( .
y(t)
U

+ y′(t)
)

+ a3

(( .
y(t)
U

)
+ y′(t)

)3)
. (7)

Here, y′(t) = βy(t), where β is the coefficient between the transverse displacement,
and the rotation at the free end of the cantilever beam and is given as β = 1.5/l.
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By performing the linear analysis of the electromechanical coupling equations, the
solution of the model can be achieved. For this, define a state vector X as

X =


x1
x2
x3

 =


y(t)
.
y(t)
V(t)

. (8)

The final governing equations of the galloping piezoelectric energy harvester is written
in matrix form as

.
X =


.
y(t)
−C

K
.
y(t)

θc
Cp

.
y(t)− V(t)

RCp

− K
M

y(t)− θc

M
V(t) +

ρU2dh
2M

(
a1

( .
y(t)
U

+ βy(t)
)

+ a3

(( .
y(t)
U

)
+ βy(t)

)3). (9)

Equation (9) is solved using MATLAB Simulink, and the vibration response of the
beam along with the output voltage with different load resistances is calculated.

2.2. Experimental Setup and Bacterial Disinfection

The experimental analysis in this study was performed in two phases. In the first phase,
various experiments were conducted in order to produce the electric voltage by flowing
the air through the bluff body in an open environment. The wind required to drive the
harvester was supplied using an air blower and a digital anemometer was used to measure
the wind speed. The required speed was maintained by making proper adjustments to a
blower and the energy harvester. A commercially purchased piezoelectric patch, PZT-5A
(SP-5A, India), with the dimensions of 50 × 20 × 0.4 mm3 was placed at one end of an
aluminum beam, with the dimensions of 200 × 25× 0.6 mm3. The piezoelectric patch was
attached onto the beam using a strong epoxy adhesive. The piezoelectric energy harvester
was operated in d31 working mode and the piezoelectric coefficient of the patch was
−190 Coul/N × 10−12. A circular bluff body with a height of 120 mm and 32 mm diameter
was attached at the other end of the beam, and the curve-shaped attachments required
were 3D printed. The length of the attachments was made equal to the height of the bluff
body with frontal dimension of 5 mm. Air was supplied to the harvester at different speeds,
and comparisons were made to obtain an optimum value of the electrical voltage. The
output voltage across the electric load resistance of the harvester was measured using a
digital oscilloscope (InfiniiVision DSO-X 3034A), with an input impendence of 1 MΩ.

After the successful generation of the output voltage from the piezoelectric wind
energy harvester, the second phase of the experiment was performed, which involved the
disinfection of the bacteria present in the water. The experimental setup of the piezoelectric
wind energy harvester based on galloping and its application on the degradation of bacteria
is shown in Figure 3a. Figure 3b shows the optical image of a piezoelectric harvester
involved in the study. Similarly, the optical image of a bluff body with curve-shaped
attachments is shown in Figure 3c.
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Figure 3. Experimental setup: (a) bacterial disinfection using a galloping piezoelectric wind energy
harvester; (b) piezoelectric wind energy harvester; (c) bluff body with curve-shaped attachments and
(d) copper tube.

The electrical voltage produced from the harvester was supplied to the water consist-
ing of Escherichia coli (E. coli) bacteria on the copper tube, as illustrated in Figure 3a. As the
AC electrical voltage generated was not enough to disinfect the bacteria, the concept of
center copper oxide modified nanowires was applied, which enhanced the electrical field
by several times at the tips of the nanowires, which was adequate to disinfect the bacteria.
The tube that contained the bacterial water was made up of copper, with a diameter of
94 mm and length of 300 mm, and was closed from one side, as shown in Figure 3d. A fine
copper wire (coaxial electrode) with a diameter of 0.35 mm was heated at around 400 ◦C
for 2 h, followed by the cooling down to a room temperature in an open atmosphere in
order to produce the copper oxide modified nanowires (CuONWs). It was observed that
the nanowires grew perpendicular to the surface of the copper wire. A two dimensional
model of the copper tube with a center copper electrode modified with nanowires was
developed to illustrate the electric field around the tip of the nanowire. An electrostatic
model was used, which is defined as:

E = −∇V, (10)

where E is the electric field developed and V is the electric potential. E. coli bacteria required
for the disinfection analysis was cultured in broth at 37 ◦C and 200 rpm for 12–18 h. The
cultured bacteria solution was then diluted with autoclaved (20 PSI, 15 min) distilled
water to a dilution factor of 1/10. The concentration of the E. coli bacteria after dilution
was 2 × 107, 3 × 107 and 5 × 107 colony forming units per mL (CFU/mL) for the triplet
experiments. A total of 20 mL of diluted bacteria solution was filled in a disinfection device.
Coaxial electrodes and copper tubes were connected to the output voltage field of the
harvester. Air was supplied from the air blower at a speed of 4 m/s and the oscillating
behavior of the bluff body was observed. After every 5 min of the test, 100 µmL of the
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bacterial sample was removed from the tube and spread on the agar plate. It was stored at
37 ◦C temperature for 12 h for the final count. Three complete disinfection experiments
were performed to observe the repeatability of the study. The CFU’s were counted for every
test sample, and the log inactivation efficiency was calculated using Equation (11):

Log inactivation e f f iceiency = −log10

(Ce f f

Cin

)
(11)

where Ce f f and Cin are the concentrations of the effluent and influent, respectively.

3. Results and Discussion
3.1. Simulation and Experimental Results of the Piezoelectric Wind Energy Harvester

A two-dimensional model was developed for performing the CFD simulation of the
bluff body with curve-shaped attachments. The standard k-ε turbulence model was used
for simulation in order to obtain better computational accuracy with great stability. The
computational domain considered was 100 mm long and 80 mm wide. Figure 4 shows
the pressure and velocity field developed on the vicinity of the bluff body, when air flows
through the body at a speed of 4 m/s. The direction of the air flow is supposed to be
perpendicular to the inlet boundary. At the outlet boundary, the pressure was set as zero
and the top and bottom boundaries were considered to be fixed.

Figure 4. 2D flow field simulation of a bluff body with curve-shaped attachments: (a) pressure field
and (b) velocity field.

The pressure difference existing between the upstream and the downstream sides of
the bluff body reveals that a lift force exists on the bluff body, which eventually creates
the transverse force component required for the galloping mechanism, as observed in
Figure 4a. The pressure difference ranging from 60 Pa, just ahead of the bluff body, to
−40 Pa, at the vicinity of the curve-shaped attachments, presents a large magnitude force
component, which eventually produces the required electric voltage for disinfection. There
is a variation of velocity with a maximum value at the upper and lower side of the bluff body
and minimum value just behind the bluff body, which signifies the occurrence of vibrations
on the bluff body, as shown in Figure 4b. It is important to simulate the bluff body to
observe the disturbance produced in the air flow. The parameters of the piezoelectric wind
energy harvester that are obtained from the experiments and the formulations described in
Section 2.1 are presented in Table 1.

Furthermore, the experimental electrical output voltage measured at different wind
speeds is compared with the electrical voltage obtained from the simulation. The exper-
imental output voltage of the harvester with curve-shaped attachments is found to be
about 25 V, and the simulated output voltage is about 29 V, when the speed of the wind
is kept as 4 m/s, as shown in Figure 5a,b. The modeling of the harvester is based on the
lumped parameter model and the quasi-steady hypothesis is assumed in the derivation
of the transverse force component with a small angle of attack. These assumptions are
responsible for the difference in the simulated and experimental output values. It requires
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some period of seconds for the harvesters to a produce stable output voltage for both the
simulation and experiment, as observed in Figure 5.

Table 1. Parameters of the piezoelectric wind energy harvester.

Properties Value

Mass of cantilever beam 2.54 g
Mass of bluff body 2.52 g

Mass of curve-shaped attachments 3.45 g
Effective mass, M 7.5 g

Effective damping, C 0.0059 N/(m/s)
Effective stiffness, K 6.8359 N/m

Open circuit natural frequency, foc 4.8211 Hz
Short circuit natural frequency, fsc 4.8141 Hz

Capacitance of the piezoelectric patch, Cp 1.3574 × 10−8 F
Electromechanical coupling coefficient, θc 2.24 × 10−5 N/V

Damping ratio, ξ 0.013

Figure 5. Experimental and simulation output voltage: (a) experiment at 4 m/s wind speed; (b) sim-
ulation at 4 m/s wind speed; (c) experimental output voltage with and without attachments and
(d) comparison at different wind speeds.

The voltage output of the energy harvester without a curve-shaped attachment is
low, compared to the output with curve-shaped attachments, as shown in Figure 5c. The
maximum voltage obtained with the harvester without any attachments is around 6 V
at a wind speed of 1.5 m/s. For the harvester without any attachments, it follows the
vortex-induced vibration phenomena, due to the circular cross-section of the bluff body.
Figure 5d compares the simulation and experimental electrical voltage produced by the
harvester at different wind speeds. It is can be observed that for the galloping phenomenon,
the electrical voltage is increased when we increase the wind speed. Since the harvester,
when operating at 4 m/s, produced the maximum voltage in our study, we used this
speed for the disinfection of bacteria. The comparison of the output voltage of several
typical piezoelectric wind energy harvesters based on the galloping phenomenon is listed
in Table 2. It can be observed that by using the curve-shaped attachment, an RMS open
circuit voltage of 25 V can be generated, which is not possible with other shapes.
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Table 2. Comparison results of the various piezoelectric galloping wind energy harvesters.

No. Reference

Bluff Body Piezoelectric Beam
Wind

Velocity
(m/s)

Output
RMS

Voltage (V)

Shape
Windward

Width
(mm)

Height
(mm) Material

Dimensions in
mm (Length ×

Width ×
Thickness)

1. Zhao et al. [37] Square 40 150 Aluminum 150 × 30 × 0.6 8 30

2. Zhou et al. [38] Curved plate 35 100 Tin bronze 180 × 10 × 0.8 5 5

3. Gang et al. [31]

Cylindrical
body with

circular
attachments

48 240 Stainless
Steel 200× 26× 0.95 8 19

4. Ding et al. [39]

Cylindrical
body with
fin-shaped

attachments

30 150 Stainless
Steel 120 × 15 × 0.5 7 14

5. Present work

Cylindrical
body with

curve-shaped
attachments

32 120 Aluminum 200 × 25 × 0.6 4 25

3.2. Electric Field Enhancement

When the output of the galloping piezoelectric wind energy harvester was connected
with the center coaxial electrode and copper tube, the voltage supplied to the bacterial
water decreased. This was because the bacterial water offered some resistance as the electric
potential was supplied. The resistance offered by the bacterial water, which is the mixture of
deionized water and E. coli bacteria, is around 85 KΩ and the voltage measured across this
resistance is 0.1 V, which can be seen in Figure 6a. Similarly, the electric current measured
during the disinfection experiment is around 0.8 µA, as shown in Figure 6b.

Figure 6. Variation of electric supply during disinfection: (a) output voltage vs. time plot and
(b) current vs. time plot.
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As a high electric field in the range of (1 to 10 KV/cm) [40] is required for the degra-
dation of bacteria, there is a need to enhance the electric field by the use of electrodes
with modified nanowires. The modification of the fine copper wires was achieved by an
oxidation process in which oxygen was combined with copper and deposited on the surface
of the wire. Figure 7a shows the X-ray diffraction (XRD) image of the coaxial center copper
electrode and the data was matched with the JCPDS database. Visualizing the image, we
can clarify that CuO (01-089-2529) is present with the (200), (210) and (222) planes, Cu2O
(01-078-2076) is present with the (111), (200) and (211) planes and Cu (03-065-9743) is also
present with the (211), (220) and (400) planes.

Figure 7. (a) XRD plots of the coaxial center copper electrode; (b) SEM image of nanowires generated
on the surface of the coaxial copper electrode and (c) SEM image of the coaxial center copper electrode.

Scanning the electron microscopy (SEM) image of the coaxial Cu wire, as shown in
Figure 7b, reveals that the nanowires with a 2–2.5 µm length and a 65–80 nm diameter
that are perpendicular to the surface are grown. When the coaxial Cu wire was heated,
Cu+ was generated, which reacted with the O2 present in the atmosphere and generated
Cu2O. Later, Cu2O was converted to CuO. The generation of Cu2O was in the form of a
thin layer, whereas CuO nanowires were grown. According to Wagner’s theory [41], at
low temperatures (~0.3–0.5 melting point), a metal is oxidized through the short-circuit
diffusion (diffusion along the sub-boundaries, dislocations) of atoms or ions during the
reaction in the Cu2O layer. The melting temperature of Cu, Cu2O and CuO are 1083, 1235
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and 1446 ◦C, respectively. At 400 ◦C, short-circuit diffusion (diffusion along dislocations)
is dominated by CuO, and CuONWs generation is achieved [42]. Due to the domination
of CuO, which propagates in the form of a wire-like structure, nanowires are generated,
which can be verified by the SEM images.

To observe the effect of the copper oxide modified nanowires on the electric field
enhancement, a two-dimensional simulation of the disinfection device was performed. In
Figure 8, the outer circle represents the circumferential outline of the copper tube consisting
of bacterial water. The inner circle represents the coaxial copper wire modified with the
nanowire. For the sake of simplicity, we considered a single nanowire to perform the
simulation analysis. The output electric potential obtained from the piezoelectric wind
energy harvester was connected to the center coaxial copper wire as well as to the outer
copper tube. An electric potential of 0.1 V was supplied for the enhancement purpose.
It can be observed that there is a high strength electric field produced at the tip of the
nanowire. The electric field as high as 14,000 V/m is generated by the use of a nanowire, as
illustrated in Figure 8. Several other nanowires were generated on the surface of the copper
wire, which can produce enough electric field for bacterial degradation.

Figure 8. Electric field simulation performed on the cross-section of the copper tube using copper
oxide modified nanowires.

3.3. Bacterial Disinfection

Figure 9 shows the spread plate technique implemented on the agar plate for different
periods of the operation. Three different tests were performed to confirm the repeatability
of the experiment. Here, the bacterial disinfection analysis performed for a single test is
illustrated. The initial sample of the bacterial water was removed and spread on the plate
showing bacterial CFUs. After supplying the electrical potential for 5 min, another sample
was removed and spread on the agar plate. This process continued for a time period of
25 min, and the results confirmed that for each sample, there is a decrease in the bacterial
CFUs, as shown in Figure 9. It can be observed that the initial samples on a Petri dish
consisted of a large number of CFUs of bacteria, while no viable bacterial cell was observed
after 25 min of treatment. The variation of log inactivation efficiency with the treatment
time is plotted with the standard deviation, as seen in Figure 10. The bacterial log removal
efficiency is found to be 2.33.
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Figure 9. Agar plates showing the bacterial concentration for different periods of treatment.

Figure 10. Bacterial removal efficiency of E. coli bacteria.

The SEM images of the coaxial CuONWs, as illustrated in Figure 11a,b, reveal that
CuONWs break during the bacterial inactivation experiment. The disinfection device was
turned upside down for taking the samples out for plating. At that moment, turbulence was
generated and CuONWs were not strong enough to withstand the turbulence. CuONWs
can be coated with polydopamine (PDA) [43] for improving their stability, which was not
performed in our study. Figure 11c,d shows the SEM images of E. coli bacteria, before
and after the treatment, respectively. During the disinfection, bacterial cells were dragged
towards the modified coaxial center electrode by various forces, such as electrophoresis
and dielectrophoresis forces, where a high electric field was present [44]. In the electric
field, the bacteria behaved like a capacitor. Charged irons inside and outside of the cell
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moved towards the cell membrane and generated transmembrane potential [40]. Under this
potential, water molecules tended to penetrate the membrane, which lead to the formation
of permanent pores and cracks. The comparison of a previously reported LEEFT water
disinfection system with our study is presented in Table 3.

Figure 11. SEM images: (a) copper oxide nanowires before the experiment; (b) copper oxide
nanowires after the experiment (broken); (c) live E. coli bacteria (before treatment) and (d) E. coli
bacteria (after treatment).

Table 3. Comparison of previously reported LEEFT water disinfection.

No. Reference Study

Applied
Voltage

(Electrical
Parameters)

Portable Self-
Powered

Flow/Steady
Mode Capacity

Log
Inactivation
Efficiency

1. Xie et al. [45] LEEFT with
ozonation 1.2 VDC × × Flow 4 mL/min,

2.2 HRT (min) 6-log

2. Zhou et al. [46]
Smart phone

powered
LEEFT

2 VDC

Yes × Flow

10 mL/min,
0.88 HRT (min) 3-log

~1.8 VDC 5 mL/min,
1.77 HRT (min)

6-log

~1.4 2 mL/min,
4.43 HRT (min)

3. Ding et al. [29] Tribo pump IRMS = 80 µm
R = several kΩ Yes Yes Flow 2–2.5 HRT (min) 6-log

4. Zhou et al. [25]
LEEFT in

pipes

0.5 VDC

× × Flow

>1 mL/min
>8.86 HRT (min) 1-log

1 VDC 1 mL/min,
8.86 HRT (min)

6-log

2 VDC 1 mL/min,
8.86 HRT (min)

5. Present work

Piezoelectric
wind energy
harvester for

LEEFT

0.1 V Yes Yes Steady 0.8 mL/min 2.33-log
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4. Conclusions

This paper presented an effective method for the bacterial disinfection of water by
utilizing the energy produced from a piezoelectric wind energy harvester. The electrical
output voltage of the harvester, when connected to the bacterial water, was about 0.1 V,
which was further enhanced by generating copper oxide nanowires (CuONWs) at the
center copper wire. A high electric field of around 14,000 V/m was produced, due to the
local enhancement of the electric field that was demonstrated in the simulation analysis
performed on a single nanowire. Complete bacterial disinfection was achieved by sup-
plying electric potential for 25 min, and the log efficiency of the bacterial removal was
calculated for each time interval of 5 min. The bacterial removal mechanism was confirmed
by counting the bacterial colonies using the spread plate technique. The piezoelectric
harvesting technique based on wind flow can be an important concept for the disinfection
of bacteria in the water distribution systems. It is suitable to implement such approaches
in the treatment of drinking water in areas in which there is no availability of a power
supply. This water disinfection technique is efficient, low cost, by-product free and shows
the strong potential for water treatment in storage systems. However, there is a limitation
on a galloping-based wind energy harvesting using a piezoelectric beam. The piezoelectric
wind energy harvester is always supposed to face the direction of the air flow. However,
in reality, it is not possible for a harvester to always face the air flow, as the direction
of the air flow is random in nature. This will definitely affect the overall efficiency of a
harvester. In this paper, the practical application of a piezoelectric wind energy harvester in
a water storage system was discussed. In future, this work can be extended to the bacterial
disinfection of drinking water in distribution systems in pipelines, with a detailed study of
the different water flow parameters.
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